Primary Audience: Researchers and industry experts engaged in probiotic research and product development
DESCRIPTION OF PROBLEM
There is a strong global move to phase out the prophylactic use of antibiotics from animal industries. For broiler production, necrotic enteritis (NE) remains a key threat to the viability of the industry if in-feed antibiotics are com-Skinner and Bauer [2] estimated that subclinical NE alone could cost as much as US $0.05 per bird on average. It is suggested that the subclinical form of NE can be more financially devastating than the clinical form because of morbidity, rather than mortality, that results in a poor feed efficiency without visible symptoms prompting swift treatment. A more recent estimate by the World Poultry Magazine (October 2015) put the figure at US $0.0625 per bird, or close to US $6 billion per year globally.
In broilers, NE is caused by Clostridium perfringens type A and, in rare cases, by type C strains. However, Clostridium perfringens exists in the normal intestinal flora of healthy chickens [3, 5, 6] . Natural occurrence of NE in chicken production is usually associated with predisposing factors, such as unbalanced diet composition, increased intestinal viscosity, and Eimeria infections [6] [7] [8] [9] [10] . Maintenance of a balanced diet composition and healthy intestinal microflora can alleviate NE outbreaks in broiler chickens [11, 12] .
There are 2 broad options available to mitigate the risk of NE outbreaks in broilers. One is the use of vaccines, but it appears that a highly efficacious vaccine against NE is yet to be developed [13] . The second option is related to the use of neutraceuticals, such as prebiotics, probiotics, symbiotics, and plant extracts, which work towards creating a healthy gut environment [14, 15] . Manipulation of the gut microflora to skew the populations towards beneficial microorganisms can result in the competitive exclusion of pathogens, thereby preventing disease outbreaks [16] [17] [18] . Prebiotic and probiotic combinations also have been explored extensively in the search for an optimal outcome [16, 18] . Although the results for probiotic application in the prevention of bacterial diseases have varied in laboratories, probiotics are regarded as a viable alternative to antibiotics in poultry production [17, [19] [20] [21] . The variation in the efficacy of probiotics stems, in part, from differences in individual birds, in diet composition, and husbandry conditions [11, 22] . Kaldhusdal and Schneitz [23] reported improved performance and reduction of NE incidences in 3-to 4-week-old birds after administration of formulated probiotics, which closely resembled the natural flora of adult chickens. Moreover, various commercially available prebiotic and probiotic products, such as mannanoligosaccharides and Lactobacillus-based products, have been reported to improve bird performance and alleviate the severity of bacterial diseases, such as NE [24] [25] [26] [27] .
The current study examined whether cloacal administration of ileal or cecal contents collected from chickens that remained unaffected by exposure to a NE challenge could offer protection against NE in young birds.
MATERIALS AND METHODS
All experimental procedures involved in this study were approved by the Animal Ethics Committee of the University of New England, Armidale, Australia.
Treatments
The present study employed a 2 × 3 factorial arrangement with exposure to NE challenge (challenged vs. unchallenged) and inoculation of crude cecal flora, ileal flora, or a sterile saline (cecal vs. ileal vs. control) as independent variables. This resulted in 6 treatments, with 6 replicates per treatment and 11 birds per replicate. Chicks were randomized by weight on arrival (d zero) and placed in 120 × 75 cm 2 floor pens, bedded on clean wood shavings. Birds were fed a standard wheat-soybean starter crumble from d zero to 12, grower pellets from d 13 to 24, and finisher pellets from d 25 to 35 ( Table 1) . The diets were mixed in house using a ribbon mixer and cold-pelleted (3-3.5 mm, 50 to 70
• C). The ileal and cecal inoculants were obtained from NE-challenged chickens at d 19. NEchallenged birds that had a healthy appearance as compared to unchallenged birds and a minmal abnormality of the intestine by post-mortem were selected by experienced personnel as the doners of ileal and cecal contents. The crude contents of the ilea and ceca of these birds were aseptically collected, then immediately suspended in a CO 2 -flushed anaerobic broth media culture. After that, the flora suspension was stored at minus 20
• C with sterile glycerin addition to 15% (v/v). Broth cultures were pooled and filtered through a sterile 0.5 mm mesh filter, and supernatants were collected for use in the Table 2 as the base-10 logarithm copy per mL of inoculant. At d 6 post hatch, birds in the current study were cloacally administered these crude ileal and cecal flora inoculants with sterile crop needles (18 gauge) and syringes. Two doses (0.2 mL each) of cecal flora, ileal flora, or sterile saline were administered within a 2-hour interval. Cloacal route of administration was used, based on the procedure previously described by Sacranie [38] involving reliance on antiperistalsis; migration of the flora due to reflux of contents from the colon to the ceca and distal intestinal tract were expected.
To carry out the NE challenge, a model previously described by Wu and Rodgers [39, 40] was employed. In brief, half of the birds (challenged) were orally given one mL PBS suspension containing a vaccine strain of Eimeria spp. (Bioproperties Pty Ltd., Sydney, NSW, Australia) at 9 d of age [41] , while the other half were given sterile PBS (unchallenged) simultaneously. At d 14, challenged birds were orally infected with a freshly prepared culture of netB-containing strain EHE-NE18 of C. perfringens type A [42] that was isolated from an NE-infected chicken in the field (approx. 10 8 CFU/mL) (Australian Animal Health Laboratory, Geelong, Australia) in a starch-thioglycollate broth, whereas the unchallenged birds received a sterile broth culture as a sham treatment. The C. perfringens count in the inoculant had been quantified on perfringens tryptose-sulfite-cy-closerine (TSC) selective agar (Oxoid, Thebarton, Australia) following serial dilutions [43] . After the challenge, dead birds were immediately examined to determine the cause of death. Bird body weight and feed were measured on arrival (d zero) and then on d 24 and d 35, to determine d zero to 24 and d zero to 35 body weight gain, feed intake, and feed conversion. Feed conversion ratio (FCR) was corrected for mortality. Weight gain, feed intake, and FCR were analyzed with an individual pen as the independent variable.
Post-mortem and Lesion Scoring
Two birds randomly selected from each pen were euthanized by cervical dislocation at 16 d of age. A blind procedure of lesion scoring was conducted, in that personnel involved in the scoring procedure had no knowledge of treatment allocation of the birds. The entire length of the small intestine was visually inspected for lesions by 2 experienced people who were trained for the procedure, as described in previous reports [44, 45] . Briefly, determination of lesion scores ranged from 0 to 4; no lesion: 0, mild: 1, moderate: 2, severe: 3, to very severe: 4. The score of intestinal lesions was summarized with mean lesion score from the entire length of the small intestine, with individual sample bird as the independent variable.
Statistical Analysis
Statistical analysis was conducted using JMP R statistical software (2015 version 12 ed. SAS Inst. Inc., Cary, NC). After KolmogorovSmirnov testing to confirm normality, 2-way ANOVA determined the equality of the means. Treatment means were separated using the Tukey post-hoc test where appropriate. Statistical significance was declared at P < 0.05.
RESULTS AND DISCUSSION
The NE challenge model [39, 40] employed in this study produced a subclinical NE outbreak that did not induce a sharp increase in mortality but resulted in significant deterioration of bird performance and prevalence of lesions in the small intestine. Mortality occurred throughout the experimental period. Among the 23 birds that died, 13 belonged to NE-challenged treatments and 10 in the unchallenged treatments, and there was no effect of treatment on mortality (Table 3) . However, necropsies were conducted on all dead birds, and it was clear that the NE challenge resulted in obvious lesions in the challenged birds after 14 d of age.
In the current study, the ileal and cecal inoculants were obtained from birds that remained unaffected after a NE challenge. The inoculants were then cloacally administered to another batch of NE-challenged birds to see if they provided protection against NE. The idea was that the gut microflora of these birds might have played a key role in protecting them from NE infection. If so, the "protective flora" might be transferred to other birds. The reason for using 1 Lesion scores range from 0 to 4. Score 0 -intestine of healthy appearance; score 1 -gas-filled intestine with evidence of at least 2 necrotic lesions; score 2 -ballooned, friable, foul-smelling intestine with evidence of necrotic lesions; score 3 -intestine displaying all the above along with a yellow pseudomembrane (often described as "Turkish towel"); score 4 -prevalence of ruptures of the intestinal epithelial layer and blood-filled intestine. 2 Means represent the average of 6 replicates of 2 birds per treatment (12 birds/treatment). Challenged birds were exposed to a subclinical necrotic enteritis challenge, induced by oral administration of Eimeria and C. perfringens. Unchallenged birds received oral administration of sterile thioglycolate broth. Flora derived from either the ceca or ileum of birds previously challenged with necrotic enteritis was administered by cloacal reverse inoculation. Control birds were inoculated with sterile saline. a,b Means sharing the same superscripts do not differ (P < 0.05).
crude flora was to directly transfer the bacterial strains that possessed probiotic effects. Both ileal and cecal inoculants contained Lactobacillus spp. in similar profiles (5.6 and 7.0 log 10 /mL, respectively), but the Bifidobacterium spp. was detected only in the cecal inoculant up to 3.9 log 10 /mL. Lactobacilli and Bifidobacteria are widely regarded as beneficial bacteria in poultry [46] [47] [48] . In commercial broiler chicken production, C. perfringens colonization of the gastrointestinal tract (GIT) of chickens naturally occurs as early as from the hatchery [49] . Previous work suggests that differentiation between probiotic populations from naturally occurring indigenous strains via culturing methods could be a challenging task [23] . Besides, microflora in the GIT changes frequently depending on rearing conditions [11] , especially from stress factors to the intestinal environment or significant changes in dietary composition [50] . Therefore, a wellbalanced natural gut flora may mean a mix of beneficial microbial populations that represent a healthy flora. It followed that such a flora contains the elements and integrity required to provide the necessary defence against the proliferation of pathogenic bacteria [51, 52] , thereby improving the overall intestinal environment of the chicken. As it was not known whether the "protective flora" would come from the ileum or the ceca, we made separate preparations to answer this question. In general, commercially available probiotics are usually grown in the laboratory media, in which case the typical characters of the probiotic organisms, such as the mucosal adhesive properties and metabolism, will be different from those grown in the natural intestinal contents or intestinal mucosa [53, 54] . We also speculate that numerous other characteristics, such as bacterium-to-bacterium communication, bacterial interaction with the host immune system, and essential bacterial metabolites (bacteriocins and defencins), may be "filtered" out by the artificial culture media, whereas in theory, the crude gut contents from the same species would be more likely to contain all the essential protective elements of the flora. Furthermore, probiotic microorganisms must have an adequate level of tolerance and resistance to survive the passage through the stomach and small intestine [55] . To avoid this particular issue of delivering crude flora inoculants orally, the present study used cloacal administration as per the procedure developed by Sacranie [28] . Precautions Table 4 . Effect of necrotic enteritis challenge and cloacal inoculation with ileal or cecal flora on broiler body weight, feed intake, and feed conversion ratio at d 0 to 24 and d 0 to 35 post hatch. perfringens. Unchallenged birds received oral administration of sterile thioglycolate broth. 3 Flora derived from either the ceca or ileum of birds previously challenged with necrotic enteritis was administered by cloacal reverse inoculation. Control birds were inoculated with sterile saline. a-b Means within the same column with no common superscript differ significantly (P ≤ 0.05).
were taken so that voiding of the inoculants via bird defecation was carefully avoided by priming the birds using lukewarm sham carrier over a period of time. It was clear that the administration was successful because the effects of the inoculants on NE lesions and bird performance were significant. Among the 72 randomly selected birds at d 16, 44% of NE-challenged birds presented NE lesions, whereas only 11% of unchallenged birds showed very mild lesions. As expected, challenged birds had significantly more severe (P = 0.001) intestinal lesions than unchallenged birds (Table 3 ). In the present study, the magnitude of lesion scores also varied depending on the inoculant given, although both inoculants reduced the severity of intestinal lesions resulting from NE challenge. In particular, the cecal flora preparation markedly (P < 0.05) decreased lesion score to the level found in the unchallenged control birds. A possible explanation for this preventive effect of the cecal flora against NE could be due to the introduction of organisms that contained the necessary protective mechanisms. Changes in the cecal microflora were drastic after NE challenge, where most butyrate-producing bacteria were reduced in challenged birds [56] . It is possible that 2 things may have happened in the current study. First, a "protective flora" transferred to the birds was, in fact, probiotics specifically selected against NE. Some probiotic organisms may have antagonistic effects on C. perfringens, possibly via competitive exclusion and the production of molecules such as bacteriocins [57] . However, such an assumption would require further validation. The major challenge is to understand the roles of various microorganisms harbored in the chicken gut in both normal chickens and chickens that are NE challenged. Despite the advent of sequencing technology, this task remains costly and difficult. Secondly, it has been shown that the gut microflora of chickens does not mature during the first 2 wk of life, and it slowly starts to stabilize from d 15 onwards [58] . This period in broiler production often coincides with feed change in many countries that may lead to NE outbreaks [59] . It is speculated that the crude flora from birds that survived NE challenge also may have brought about a vaccination-like effect. This means that at d 6, the birds obtained a "mature flora" that was protective, eliminating the susceptibility of birds from NE challenge at d 13 to 16 .
Regardless of the mechanisms, in this pilot study, birds given the crude cecal and ileal flora preparations at d 6 from birds that survived NE challenge had better FCR at d 35 (Table 4) . To be specific, birds that received ileal and cecal flora possessed approximately 2 FCR points of advantage (P = 0.021) over the control treatment in the FCR at d 35 (Table 4) . NE challenge hampered the performance of birds on weight gain and FCR at d 24 and d 35. However, statistical analysis did not show any interaction between challenge effect and the inoculation of crude flora in any of the performance parameters. Although bird performance improvements from crude flora were small in magnitude, it is intriguing to find how a single dose of crude flora at 6 d of age led to an improvement in FCR that sustained to d 35.
CONCLUSIONS AND APPLICATIONS
1. Crude ileal and cecal flora inoculants from birds remained healthy after NE challenge reduced the frequency and magnitude of NE lesions in another group of broilers challenged with NE; the inoculants also improved FCR by d 35. 2. The cloacal route of administration is a useful technique to transfer gut microflora between birds, which will be useful for the further elucidation of the role of the gut microbiota in poultry health and nutrition. 3. Future research should focus on the determination of the composition of the resulting intestinal flora and the mechanisms whereby it offers protection against NE in broilers.
